Magnetic nanocrystals containing Fe and Mn were obtained by annealing of silicate glasses with the composition 13.6Na 2 O-62.9SiO 2 -8.5MnO-15.0Fe 2 O 3-x (mol %) at 580 °C for different periods of time. Here, we present Small Angle Neutron Scattering using Polarized neutrons (SANSPOL) and Anomalous Small Angle X-ray Scattering (ASAXS) investigation on these glass ceramic samples. Analysis of scattering data from both methods reveals the formation of spherical core-shell type of nanoparticles with mean sizes between 10 nm and 100 nm. ASAXS investigation shows the particles have higher concentration of iron atoms and the shell like region surrounding the particles is enriched in SiO 2 . SANSPOL investigation shows the particles are found to be magnetic and are surrounded by a nonmagnetic shell-like region.
Introduction
Oxide glass ceramics containing magnetic nanocrystals with sizes ranging from 1 nm to 100 nm show peculiar magnetic and electric properties and in the future can find many applications, e.g. in the fields of medical, information technology, telecommunication, as ferrofluids and in electronics [1] [2] [3] [4] [5] . They can be used as parts of cooling or shielding devices for electronic components [6] . As a part of ferrofluids, they have applications in magnetic and biomagnetic sensors, improving the sound quality of loudspeakers and in magnetic resonance imaging (MRI). [7, 8] . The functionality of the material depends on size, shape, volume fraction, distribution and composition of the precipitated crystalline phase and the interaction of crystalline phase with the neighboring nanocrystals as well as with the host matrix [9] .
In the present work, the glass ceramic under study has the composition 13.6Na 2 O-62.9SiO 2 -8.5MnO-15.0Fe 2 O 3-x (mol %). The as prepared glasses were annealed at 580 °C for different times varying from 10 min to 60 min, which lead to the precipitation of the magnetic nanocrystals as shown previously [10, 11] . Earlier, for the same series of samples annealed at 550 °C, it was shown by ASAXS [12] that the magnetite-jacobsite containing particles are surrounded by shells depleted in Fe and Mn which are expected to be non-magnetic. The main goal of this work is to estimate the effect of heat treatment on the structure parameters and to evaluate the magnetic behaviour of the nanoparticles embedded in the studied glass ceramic material. The SANSPOL technique was applied in order to reveal the structure parameters and distribution of nanoparticles in the glass matrix. Moreover, this technique allows studying the magnetic nature of the particles. SANS measurements with polarized neutrons were performed at the D22 SANS instrument at the Institute Laue-Langevin (ILL), Grenoble France [13] . ASAXS technique was applied to reveal the distribution of particular element in the nanoparticles and to estimate quantitatively the density, volume fraction and percentage of Fe atoms in the respective magnetic nanoparticles. The ASAXS experiments were performed near the X-ray K absorption edges of Fe (7112 eV) and of Mn (6539 eV) using the 7T-MPW-SAXS beamline at the synchrotron BESSY II at Helmholtz-Zentrum Berlin (HZB) [14] .
Theory

SAS/ASAXS
Small angle scattering (SAS) is an analytical technique to determine structure parameters of particles in the size range from about 1 nm to 100 nm [15] [16] [17] . In small angle scattering experiments, the spatial correlations in the scattering densities present in the sample are measured. The differential scattering cross section of a system of spherical particles with the number density distribution N(r) can be described as:
is the electron density difference between the particles and the remaining matrix. The volume of the particle is given by V p (r). Here q  is the scattering vector, which is related with the scattering angle of 2θ as follows:
where l is the wavelength of the X-rays or neutrons. In equation (1) , F (q, r, h(E)) is the form factor that accounts for the shape and the size of the particles. For a homogeneous sphere with radius r, the form factor is defined as [18, 19] :
Subtracting the form factor of the inner sphere from the outer sphere provides the form factor for a spherical core-shell particle given as:
where h shell is the scattering contrast for the shell and m·h shell is the scattering contrast for the core, both contrasts are with respect to the surrounding matrix. r is the distance from the particle centre till the end of the shell and νr (0< ν <1) is the radius of the core.
In equation (1), a constant scattering background coming from fluorescence and resonant Raman scattering is added.
In ASAXS, the variation of the scattering power of specific element helps in determining the quantitative information on the distribution of that specific element in the nanoparticles and the respective phase compositions as well as the volume fractions [12, 21, 22] . In ASAXS measurements, the energy dependent atomic scattering amplitudes play an important role. When the photon energy approaches the absorption edge of an element, the atomic scattering amplitude varies significantly because of electronic excitations.
The atomic scattering factor is given as:
Here, f 0 +f'(E) is the real and f''(E) is the imaginary part of the scattering amplitude. f' (E) and f''(E) are related to each other by Kramers-Kronig relation. The values of the scattering amplitudes f'(E) and f''(E) are taken from the Cromer and Liberman calculations [23] .
Quantitative information about the structure parameters of the core, shell and the remaining matrix were obtained by using two separate fit routines. First, the experimental relative contrasts were evaluated by simultaneous fitting of ASAXS curves by using the software SASfit [24] . Second, the experimental relative contrasts, estimated by the first fitting routine, were further fitted with the theoretically calculated contrasts in a separate MATLAB routine in order to get the phase composition as reported earlier [12, 22] .
Contribution of a particular element (resonant atoms) to the scattering intensity can be separated from the total scattering amplitude by evaluating the resonant curve using the Stuhrmann equation [25, 26] 
Here, F 0 (q) is the normal SAXS term (far from the absorption edge), F 0R (q) is the scattering cross term and F R (q) is the resonant scattering term. Measuring the scattering intensities at three different energies or more can form a set of linear equations by using equation (6) .
Solving the set of equations give the value of variables, F 0 (q), F 0R (q) and F R (q).
SANSPOL
In SANSPOL experiments, apart of the nuclear interaction there is a contribution of the magnetic moment of the atoms that come from its interaction with the magnetic moments of the neutrons [27] [28] [29] [30] [31] . During measurements a constant magnetic field in the direction perpendicular to the direction of the incident neutron beam is applied to the sample. The neutron spins are either parallel (denoted by -) or antiparallel (denoted by +) to the applied magnetic field direction, depending on the polarization state of the incoming neutrons. The scattering cross sections for parallel and antiparallel polarization state of neutrons are given by [32, 33] :
where y is the angle between the direction of the magnetic field and the momentum transfer In equations (9) and (10), c i is the concentration, b i is the nuclear scattering length, m i is the magnetization perpendicular to the momentum vector q and M i is the molar mass of the i th constituent of the phase. P in equations (7) and (8) is the polarization of the neutron beam and is represented as:
where N + is the number of neutrons with spin anti-parallel and N -spin parallel to the applied magnetic field direction H. The efficiency of the spin flipper is represented by e.
In equations (7) and (8)
, L(x) = coth(x) -1/x is the Langevin function with x=mvH/(K B T) here
H is the applied magnetic field, m is the magnetization and v is the volume of the particle.
K B T is the thermal energy at temperature T and K B is the Boltzmann's constant.
By using equations (7) and (8), the scattering cross section for non-polarized beam can be determined as:
From the above equation (12), one can see that, if the direction of the vector q is parallel to the magnetization direction (y=0°), then the magnetic scattering has no contribution, while for q perpendicular to the magnetization direction (y=90°) magnetic scattering could have a significant contribution to the total scattering. For y=0° in equation (12), the nuclear scattering cross section is given as:
Putting y=90°, subtracting the nuclear scattering cross section from equation (12) 
For strong magnetic field and large particle sizes, magnetic moments are well aligned in the direction of the field and the Langevin function L(x) in the equations (7) and (8) 
Experimental
The base glass used in our study has the composition 13.6Na 2 O-62. and 17.6 m) to achieve a wide q range. The raw data were corrected for background, transmission, scaled to differential scattering cross section per unit volume and then
anisotropic averaging was performed to obtain the final scattering curves. The raw data reduction was done by using the software GRASP [13] .
The ASAXS experiments were carried out by choosing five different energies near and below to the K absorption edges of Fe (7112 eV) and Mn (6539 eV) at the 7T-MPW SAXS beamline at BESSY II. The photons scattered by the sample were collected by using multiwire proportional counter gas filled area detector with pixel size of 207 μm. While measuring, the detector was placed at two different positions, far from the samples (3745 mm) and close to the samples (700 mm) in order to achieve wide q range. The scattering images were corrected for transmission, photon flux, dead-time of the detector electronics and sensitivity of detector pixels and finally after circular averaging the scattering curves were obtained. A pre-calibrated glassy carbon standard sample was used to scale the scattering curves to differential scattering cross sections per unit volume. A silver behenate sample (peak at q=1.076 nm -1 ) was used to calibrate the q scale. The data reduction was done by using the software SASREDTOOL [34] .
Results
SANSPOL experiments were performed to obtain structure information of precipitated nanoparticles in glass ceramics with magnetic properties. This type of neutron scattering investigation allows to separate the nuclear scattering and magnetic scattering of the sample. To extract the structure information, the scattering curves were fitted with equation (1), by using the software SASfit [24] . To fit any scattering curve, SASfit requires a pre-defined form factor and the shape of the size distribution. The nuclear scattering curves for the sample annealed at 580 °C for 20, 40 and 60 min are fitted by assuming the spherical core-shell model shown in Figure 4 (Left) and the log normal distribution of particles. In Figure 4 (Right), a contrast variation profile is shown from the SANS curve fitting. The profile shows the electron density of the cores has higher and the shell has lower electron density with respect to the matrix. Moreover, the magnetic scattering curves are fitted by assuming a sphere model. Figure 3 shows the fit of all respective SANS curves. Resulting size parameters obtained after fitting of the SANS curves are shown in Table 1 . Table 1 Averaged size parameters calculated from fitting the nuclear and magnetic scattering curves as extracted from the polarized SANS experiment for the samples annealed at 580 °C for 20, 40
and 60 min. The parameters reveal growth of particles with the annealing time. Also the thickness of the shell increases with the annealing time. It is shown in Table 1 that, for nuclear scattering curves, the size of the core (particle) in the spherical core-shell model is comparable to the size of the sphere used in the sphere model for magnetic scattering curves within the experimental accuracy. This result reveals that the particles are magnetic in nature and they are surrounded by a non-magnetic shell-like region. The size distributions of particles evaluated by fitting of the nuclear and magnetic scattering are shown in Figure 5 . Quantitative information about the composition and structure can be estimated by using the ASAXS technique [21] . The quantitative information is obtained by fitting the ASAXS curves and the experimental relative contrasts by two separate fitting routines as described in the theory section. In the first fit routine, ASAXS curves near the absorption edge of Fe fitted with the spherical core-shell model and the log normal distribution of particles as shown in Figure   6 (a). For clarity in the figure, only the curves measured near and far from the absorption edge are shown, while the inset shows all five fitted curves.
In the second fit routine, the relative experimentally determined contrasts for the core and After the relative contrast fitting, the resulting parameters are shown in Table 2 . Estimated parameters show density of core (particle) is 4.9 ± 0.1 g/cm 3 and that of shell about 2.23 ± 0.03 g/cm 3 . The estimated density of the shell is comparable to the bulk density of SiO 2 (2.2 g/cm 3 ), which provides the first hint at an enrichment of the shell with SiO 2 . The evaluated parameters also reveal that the amount of Fe atoms in the particle is about 87 % of the total Fe atoms in the system. Distribution of Fe atoms in the particles can be estimated by separating the pure resonant scattering contribution from the total scattering SAXS curves by using the Stuhrmann equation (6) . The resonant curve for the Fe edge for the sample annealed at 580 °C for 40 min is shown in Figure 8 (a). The curve is fitted with the spherical model and it is seen that the resulting size distribution from the resonant curve fitting is comparable to the size distribution for the core region of SANS curve as shown in Figure 8 (b). 
Discussion
Earlier, precipitation of a magnetic (Fe-Mn-O) based spinel phase during annealing of the investigated glass ceramics was reported [35] . In the present work, samples are annealed at 580 °C for 20, 40 and 60 min. Table 1 shows the resulting parameters after SANSPOL data analyses. The results reveal that the average diameter of the particles increase from 40 nm to 100 nm for the samples annealed from 20 min to 60 min. These results can be explained as follows: at higher temperature the diffusion coefficient of crystal forming elements Fe and
Mn are also higher and this leads to the growth of particles with high volume fraction even when annealing for a short time of 20 min. This observation is supported by the average sizes of the particles obtained while annealing at 550 °C for different time periods [12] .
Moreover, results as presented above reveal the formation of spherical core-shell structure for the samples annealed for time intervals up to 60 min. Here, the core represents the particle phase and it is surrounded by shell-like region. The spherical core-shell structure can be explained as follows: during the process of crystallization, the region surrounding the crystal is being depleted in the elements forming the core crystal (Fe and Mn) and hence, enriched with the other glass components (SiO 2 , Na 2 O). The contrast profile shown in Figure 4 (Right) reveals that the electron density of the shell is lower than the electron density of both core and matrix. The density (2.23 ± 0.03 g/cm 3 ) of the shell estimated by ASAXS is comparable to the bulk density of SiO 2 2.2 g/cm 3 and is lower than that determined for the samples with the same composition but annealed for 40 min at 550°C, which is an indication of enrichment of the shell with SiO 2 . Actually, the shell is consisting of almost pure SiO 2 in case of annealing at 580 °C. Further, it should be noted that if only Fe and Mn ions are depleted from the shell, the composition of the shell should be approximately 18 Na 2 O -82 SiO 2 , with an expected density of about 2.38 g/cm 3 [36] . Densities as low as 2.23 g/cm 3 are expected from glasses with 2 -5 mol % Na 2 O [36] . The Na + ions do not penetrate the growing spinel nanocrystals.
Therefore, the sodium ions, depleted from the shell, are remaining in the glass matrix. A tendency towards phase separation in binary sodium silicate glasses and melts with the formation of silica-rich inclusions in the sodium silicate matrix is reported in Ref. [37] . In our case, the depletion of sodium ions from the shell is additionally supported by the higher concentration of Fe 3+ ions in the glass matrix where the Na + ions are serving for charge compensation of the tetrahedrally coordinated Fe 3+ ions. The latter idea is supported by the even higher matrix density of 2.7 g/cm 3 reported here in comparison to the matrix density estimated for the samples annealed for the same time period but at 550°C -2.39 g/cm 3 [12] . In both cases, the formation of Mn x Fe 3-x O 4 spinel type of magnetic nanocrystals surrounded by a shell enriched in SiO 2 along with the other glass components is suggested by ASAXS [12] .
Such type of crystallization process having an Si enriched layer surrounding the fluoride particles was reported earlier [22, 38, 39, 45] . Here the viscosity of the surrounding layer plays an important role in the growth of the particles. When the viscosity of the layer is lower than that of the bulk, this leads to an increase in the crystal growth. When the viscosity of the layer increases, the layer acts as a barrier and decelerates the crystal growth as reported earlier [40] [41] [42] 44] . The glass transition temperatures of binary sodium silicate glasses containing 2 -5 mol % of Na 2 O, which is the supposed composition of the shell, are between 500 and 510 °C [36] . This is well below the crystallization temperature of 580 °C. Therefore, at 580 °C the shell does not act as a kinetic barrier for the diffusion of iron and manganese ions towards the growing crystal. Accordingly, at this crystallization temperature the thermodynamic factors are more important for the crystallization kinetics than the kinetic ones. ASAXS analysis for the sample annealed for 40 min shows the particles are highly enriched in Fe atoms (about 87 %), which is also proved by analysis of the resonant curve shown in Figure 8 . As expected, this number is larger, than those reported earlier for a sample annealed at 550 o C, namely 54% for 40 minutes and up to 84% for 180 minutes [12] .
Furthermore, SANSPOL investigations for the sample annealed for 20, 40 and 60 min show that both core and shell give rise to nuclear scattering while only the core produces magnetic scattering. The size of the sphere fitting the magnetic scattering coincides with the size of the core of the nuclear scattering as shown in Table 1 . Moreover, Figure 9 shows the particle size comparison obtained by SANSPOL data analyses for the samples heat treated at 550 and 580°C [43] . It should also be noted that for both annealing temperatures the shortest annealing time leads to the smallest magnetic particles but the next longer annealing period always results in much larger magnetic particles, especially for annealing at 550°C. The longer annealing times always lead to average size of the particles slowly increasing with increasing annealing time. This effect is more pronounced for the lower annealing temperature of 550 °C, as seen in Figure 9 and Table 1 
